Lattice expansion and non-collinear to collinear ferrimagnetic order in
  MnCr$_2$O$_4$ nanoparticle by Bhowmik, R. N. et al.
ar
X
iv
:c
on
d-
m
at
/0
51
08
14
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 30
 O
ct 
20
05
Lattice expansion and non-collinear to collinear ferrimagnetic order in MnCr2O4
nanoparticle
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We report magnetic behaviour of MnCr2O4, which belongs to a special class of spinel, known as
chromite. Bulk MnCr2O4 shows a sequence of magnetic states, which follows paramagnetic (PM) to
collinear ferrimagnetic (FM) state below TC ∼ 45 K and collinear FM state to non-collinear FM state
below TS ∼ 18 K. The non-collinear spin structure has been modified on decreasing the particle
size, and magnetic transition at TS decreases in nanoparticle samples. However, ferrimagnetic
order is still dominating in nanoparticles, except the observation of superparamagnetic like blocking
and decrease of spontaneous magnetization for nanoparticle. This may, according to the core-shell
model of ferrimagnetic nanoparticle, be the surface disorder effect of nanoparticle. The system
also show the increase of TC in nanoparticle samples, which is not consistent with the core-shell
model. The analysis of the M(T) data, applying spin wave theory, has shown an unusual Bloch
exponent value 3.35 for bulk MnCr2O4, which decreases and approaches to 1.5, a typical value for
any standard ferromagnet, with decreasing the particle size. MnCr2O4 has shown a few more unusual
behaviour. For example, lattice expansion in nanoparticle samples. The present work demonstrates
the correlation between a systematic increase of lattice parameter and the gradual decrease of B
site non-collinear spin structure in the light of magnetism of MnCr2O4 nanoparticles.
I. INTRODUCTION
Spinel ferrite [1], represented by formula unit AB2X4,
has generated renewed research interest due to applica-
tions in nanoscience and technology. It has been estab-
lished that the physical properties of spinel ferrites de-
pend on the distribution of cations amongst the Tetrahe-
dral (A) and Octahedral (B) sites and relative strengths
of various kind of superexchange interactions via an-
ions (X: O, S, Se ions). It is noted that most of the
works are confined on spinel ferrites MFe2O4 (M= Zn,
Co, Mn, Ni etc.) [2]. In these spinels B sites are oc-
cupied by Fe3+. There are many spinels of different
class and having no B site Fe3+, but may be very rel-
evant in view of physics and technological application.
Chromites MCr2X4 (M = Mn, Fe etc., X= O, S ions) are
one of such classes which exhibits many unusual mag-
netic properties like ferrimagnetism, colossal magneto re-
sistance (CMR) effect etc. Recently, extensive work on
Half-metallic ferrimagnet (HFM) FeCr2S4 shows varieties
of magnetic properties with different (magnetic and non-
magnetic) substitutions [3, 4]. It has been proposed [4]
that Mn[Cr2−xVx]S4 series might be a strong candidate
for HFM. One would expect similar magnetic and trans-
port properties in MCr2O4 in comparison with MCr2S4,
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since both (sulfide and oxide) spinels have identical cubic
lattice structure, and both are ferrimagnet with TC in the
range (60 K-80 K) and non-collinear ferrimagnet below
20 K. The other interests for investigating the MnCr2O4
spinel is to understand the role of strongly negative JBB
(Cr-O-Cr) interactions in controlling the magnetic prop-
erties of chromites. In collinear ferrimagnetic structure of
spinel A-O-B and B-O-B bond angle are 1250 and 900, re-
spectively. For other configurations the distance between
the oxygen ion and cations are too large to give rise to a
strong A-O-B superexchange interaction. The investiga-
tion of the magnetic properties of chromites [6] revealed
a number of unconventional features which could not be
explained by Neel’s theory for collinear (ferrimagnetic)
spin structure.
It was proposed by Wickham and Goodenough [6] that
direct (antiferromagnetic) interactions between B site
cations are responsible for the non-collinear ferrimag-
netic structure in chromites like MnCr2O4. In fact, many
phenomena in recent years have been explained in terms
of B site direct cation-cation interaction, as in ZnCr2O4
[7]. Neutron diffraction experiment confirmed the non-
collinear spin structure between B site Cr3+ moments
in chromites [8], including MnCr2O4 [9]. The neutron
experiment shows that the decrease of magnetization in
MnCr2O4 below 18 K, though identical with re-entrant
magnetic transition [10], originates from the occuring of
non-collinear spin structure in MnCr2O4.
Numerous attempts have been made to bridge the gap
between ferrites (MFe2O4), which are collinear ferrimag-
net, and chromites, which are non-collinear ferrimagnet.
However, the picture of spin configuration of chromites
are not very clear even upto date. Therefore, an investi-
2gation for chromites is essential and relevant, as many
questions regarding their spin structure are still open
[11]. The present work highlights the magnetic ordering
in bulk and nanoparticles of MnCr2O4 chromite, focus
has given to understand the origin of magnetic transi-
tion at ∼ 18 K in MnCr2O4.
II. EXPERIMENTAL RESULTS
A. Sample preparation and Characterization
We have prepared MnCr2O4 nanoparticles by mechan-
ical milling of the bulk material using Fritsch Planetary
Mono Mill ”Pulverisette 6”. For bulk MnCr2O4, the
stoichiometric mixture of MnO (99.999 % purity) and
Cr2O3 (99.997 % purity) oxides were ground for 2 hours
and pelletized. The pellet was sintered at 10000C for
12 hours and at 12000C for 24 hours with intermediate
grinding. The sample was then cooled to room tempera-
ture at 2-30C/min. Before milling, the bulk sample was
ground for two hours. X ray diffraction (XRD) spectra
of the bulk sample was recorded using Philips PW1710
diffractometer with Cu Kα radiation. The XRD spectra
of bulk sample matched with a typical spinel structure
in cubic phase. The powdered MnCr2O4 (bulk) mate-
rial was mechanical milled in a 80 ml agate vial with
10 mm agate balls with ball to sample mass ratio 12:1.
The sintering and milling of bulk sample was carried
out in Ar atmosphere to prevent the oxidation of Mn2+.
The milled samples are designated as mhX, where X de-
notes the number of milling hours. The XRD spectra
of milled samples are also matched with standard cubic
spinel structure. The XRD spectra, without any addi-
tional phase, showed that both bulk and nanoparticle
samples are single phase chromites and having identi-
cal chemical composition. The absence of any impurity
lines excludes the possibility of the formation of other
alloyed compounds during mechanical milling. The lat-
tice parameter of the samples were determined by stan-
dard full profile fitting method (Rietveld method) using
FULLPROF Program. The calculations were performed
assuming that the studied samples belong to Fd3m space
group and ascribed to normal cubic spinel structure. The
XRD peak lines were fitted with Lorentzian shape. The
lattice parameter of our bulk sample is 8.41(± 0.002)A˚,
which is close enough to the reported value 8.42(± 0.02)A˚
[12] and 8.437 A˚ [13]. The systematic broadening of XRD
lines with milling time corresponds to the decrease of
particle size (Table I). The particle size was determined
from the analysis of XRD 311 line using Debye-Scherrer
equation. The effect of micro-strain, induced in the ma-
terial during milling, in the determination of half-width
has been minimized by matching the 311 line of the XRD
spectra with Lorentzian shape. We have taken TEM data
for three samples, i.e., mh60, mh48 and mh36. The TEM
data (not shown in figure) give average particle size ∼
11.5 nm, 12.7 nm and 14.4 nm in comparison with XRD
data 11 nm, 12 nm and 13 nm for samples mh60, mh48
and mh36, respectively. This shows that the effect of
mechanical strain is not significant in our determination
of particle size using XRD data. It is found (Table I)
that lattice parameter of the system is systematically in-
creases with the decrease of particle size. This is reflected
in the shift of the XRD peaks, as shown for 311 line in
Fig. 1, to lower scattering angle (2θ) with increasing
milling time. We, further, examined the originality of the
shift of XRD peak with decreasing particle size by anneal-
ing the mh60 sample at 6000C (denoted as: mh60(t6))
and 9000C (denoted as: mh60(t9)) for 12 hours under
vacuum sealed condition. We have seen (inset of Fig. 1)
that 311 peak of annealed sample tends toward the bulk
sample. The decrease of lattice parameter, e.g. 8.474 A˚
(for mh60, particle size ∼ 11 nm), 8.442 A˚ (for mh60(t6),
particle size ∼ 12.8 nm), 8.424 A˚ (for mh60(t9), particle
size ∼ 17.9 nm) and 8.410 A˚ (for bulk sample), with in-
creasing annealing temperature (i.e., increase of particle
size) confirm the lattice expansion in our nanoparticles.
B. DC magnetization
1. Temperature dependence of magnetization
The temperature dependence of dc magnetization (Fig.
2) was measured under zero field cooled (ZFC) and field
cooled (FC) modes, using SQUID (Quantum Design,
USA) magnetometer. In ZFC mode, sample was cooled
from 300 K to 2 K in the absence of dc magnetic field,
followed by the application of magnetic field at 2 K and
magnetization data were recorded while increasing the
temperature. In FC mode, the sample was cooled from
300 K in presence of field. Cooling field and measure-
ment fields are same. The zero field cooled magnetiza-
tion (MZFC) at 100 Oe of bulk sample (Fig. 2a) shows
a sharp increase below 45 K and remains almost temper-
ature independent in the temperature range 40 K-18 K.
Below 18 K, MZFC sharply decreases down to our mea-
surement temperature 2 K. The magnetic behaviour of
our bulk MnCr2O4 is consistent with the reported [11, 14]
data which showed paramagnetic to ferrimagnetic tran-
sition below TC ≈ 45 K and collinear spin structure in
B sites becomes non-collinear (canted) below TS ≈ 18
K, due to the dominance of JBB interactions over JAB
interactions [13]. There is a small magnetic irreversibil-
ity (MFC > MZFC) between field cooled magnetization
(MFC) and MZFC below 40 K. The magnetic change ob-
served in MZFC at TS ≈ 18 K also exists in MFC. It is
noted that TS remains almost unchanged upto field ∼
1 kOe, but get suppressed at 50 kOe data. This is con-
sistent with a strong non-collinear ferrimagnetic order in
bulk sample below 18 K, and such magnetic order is af-
fected only at high magnetic field.
The M(T) (MZFC and MFC) data for nanoparticle
(mh12, mh24, mh36, mh48 and mh60) samples are shown
in Fig. 2b-2f. The behaviour is different in comparison
3with the bulk. For example, magnetic irreversibility be-
tween MZFC and MFC starts well above of 45 K and the
separation between MZFC and MFC increases on low-
ering the temperature. The other important observa-
tion is that plateau behaviour in the magnetization data
(temperature range 40 K-18 K) of bulk sample slowly
decreases and a maximum occurs below 40 K with de-
creasing the particle size (Fig. 2f). Note that there is
no decrease of MFC below 18 K, instead the MFC in all
nanoparticle samples show continuous increase down to
2 K. Fig. 2f (for mh60 sample) shows that the tempera-
ture Tirr, where magnetic irreversibility starts, decreases
with increase of magnetic field. This behaviour of M(T)
data along with large difference in MFC andMZFC shows
blocking phenomenon of ferrimagnetic nanoparticles [15].
We, now, analyze the M(T) data to understand the parti-
cle size effect. Fig. 3a shows the temperature dependence
of the inverse of dc magnetic susceptibility (χ), using
MZFC data at 100 Oe. It is interesting to note that χ−1
(T) of bulk and nanoparticle samples follow the typical
functional form: χ−1 = T/C +1/χ0 -σ/(T-θ), which con-
sists of a Curie-Weiss (ferromagnetic) term and a Curie
(paramagnetic) term and such equation has shown its ap-
plication in ferrimagnetic spinel [16]. This means strong
ferrimagnetic order still exist in our nanoparticles. The
extraction of the constants C and σ form this equation
is difficult because they are coupled in the paramagnetic
regime. The asymptotic curie temperature (θ), obtained
by extrapolation as in Fig. 3a, is shown in the inset of
Fig. 3. The closeness of TC and θ in bulk sample charac-
terizes its long range ferrimagnetic order. On the other
hand, θ values for nanoparticle sample (e.g. ∼ 60 K for
particle size ∼ 19 nm, ∼ 70 K for particle size ∼ 16 nm)
are much higher than the θ ∼ 45 K for bulk. The in-
creasing magnetic disorder in nanoparticle is manifested
by the large difference between θ, and TC [17], and broad-
ening of the change in magnetization with temperature
about TC . According to the core-shell model of ferrimag-
netic nanoparticles [18], the disorder is associated with
increasing contribution of shell (surface) spins and long
range ferrimagnetic order is associated with core spins.
From the first order derivative of M(T) (both ZFC and
FC) data (Fig. 4a), we find that there is a minimum
below TC (∼ 45 K) for bulk sample. This minimum for
MZFC becomes broad for nanoparticle samples and oc-
curing at higher temperature with respect to the bulk
sample. The increasing broadness about the minimum
is related to the disorder effects in nanoparticle samples.
This is understood from the fact that the sample is mag-
netically more ordered in FC state than the ZFC state.
The first order derivative of M(T) (Fig. 4a) shows a sharp
peak near to TS ∼ 18 K for bulk sample, which is broad-
ened for nanoparticle samples. This indicates that B site
(non-collinear) spin configuration below 18 K has been
changed in nanoparticles. The difference between field
cooled magnetization and zero field cooled magnetiza-
tion (∆M= MFC-MZFC) vs T data (Fig. 4b) show that
for bulk sample the ∆M is very small in the temperature
range 40 K-18 K and increases below 18 K. For nanopar-
ticle samples, ∆M shows significant increase below 60 K
with shape different from the bulk. The large magni-
tude of ∆M over the whole temperature range, compar-
ing the bulk sample, suggests increasing disorder effects
in nanoparticle samples. On the other hand, shifting of
the MZFC minimum of nanoparticle samples to higher
temperature may indicate the increase of TC with de-
creasing the particle size. Due to the increasing flatness
about 45 K in M(T) data and occurance of separation be-
tween MFC and MZFC well above 45 K, it is very difficult
to estimate the exact TC values for nanoparticle samples.
The spin wave theory can be applied, since ferrimagnetic
order dominates in both bulk and nanoparticle samples.
We have analyzed the MZFC data at 50 kOe, using the
Bloch law: M(T)=M0(1-βT
α). Here, M0 is the extrap-
olated value of saturation magnetization at 0 K, and β
and α are the constants. The change of M0, Bloch ex-
ponent α and Bloch coefficient β with particle size are
shown in Table I, and in Fig. (5b), respectively. The
saturation magnetic moment ∼ 30 emu/g (or magnetic
moment ∼ 1.46 (± 0.01)µB per formula unit) at 2 K of
our bulk sample is consistent with the reported value 1.4-
1.6 µB [6]. It is interesting from the log-log plot of (M0
-M(T)) vs T (Fig. 5a) that curves for all the samples
intersect at the same temperature point ∼ 44 K. This
observation is notable in the sense that this temperature
point is close to the TC ∼ 45 K of the bulk sample and
invariant with particle size down to ∼ 11 nm. The Bloch
exponent α = 3.35±0.04 for bulk MnCr2O4 is large in
comparison with α = 1.5 for a typical ferromagnet [19].
The exponent is reducing and approaching to the typical
value of 1.5 with the decrease of particle size. For exam-
ple, α = 1.7±0.05 for sample of particle size ∼ 11 nm.
The theoretical calculation, as well as some experimental
results on fine particles and clusters [20, 21] have shown
that α becomes larger than 1.5, the value corresponding
to bulk material. Hence, the particle size dependence
of α is unconventional in MnCr2O4, where α decreases
with decrease of particle size. The feature is that T3/2
spin wave law alone can not be applied for bulk sample
and there is a possibility of another origin contributing
in M(T) behaviour. The extra magnetic contributions
may introduce from a modulated magnetic order, arising
from the non-collinear spin structure [22] in bulk system
or alternation of core-shell structure [23] in nanoparti-
cles. The tendency of decreasing the exponent towards
1.5, a typical value for standard ferro or ferrimagnet, for
smaller particles suggest that the extra magnetic contri-
bution, introduced due to the non-collinear structure of
B site spins, decreases with the decrease of particle size.
2. Field dependence of magnetization
Fig. 6(a-c) show the M(H) data and Fig. 6(d-e)
show the corresponding Arrot plot (M2 vs H/M) for bulk
(mh0), mh60 and mh48 samples, respectively. In bulk
4sample, an initial rapid increase of M to its spontaneous
magnetization (MS) value within 1 kOe is followed by the
lack of saturation (steep increase) with field (H) upto 120
kOe, for all temperatures below TC . For higher temper-
atures, e.g. T = 40 K and 50 K, the non-linear contri-
bution of M(H) is increasing in our bulk sample. Similar
M(H) behaviour in MnCr2S4 [8] has been attributed to
the coexistence of ferrimagnetic state and quasi param-
agnetic state, arising from the non-collinear spin struc-
ture. The non-collinear spin structure between B site
Cr3+ moments MnCr2O4 has been confirmed by neutron
diffraction experiment [9]. The non-saturation of mag-
netization at higher field is attributed to paramagnetic
type contributions, as shown in inset of Fig. 6a, aris-
ing from the B site non-collinear spin structure. The
non-linear contribution in M(H) data is observed even at
lower temperatures for nanoparticle samples, as shown in
Fig. 6b for mh60. Fig. 6c suggest that a typical para-
magnetic state (the linear increase of M(H)) for mh48
sample is observed only above 70 K. The gradual change
in M(H) data near to TC and above makes it very dif-
ficult to determine the exact value of TC . In order to
distinguish the long range order ferrimagnetic state from
the paramagnetic state, we have analyzed the M(H) data
using Arrot plot (M2vs H/M). The Arrot plots are shown
in Fig. 6d-f. We have calculated the magnitude of spon-
taneous magnetization (MS) by extrapolating the data
for H ≥ 10 kOe to the M2 axis. Although M(H) data
at 50 K (Fig. 6a) is non-linear for bulk sample, the Ar-
rot plot (Fig. 6d) gives zero value of MS and confirms
the paramagnetic state of bulk sample at 50 K. This is
consistent with paramagnetic to ferrimagnetic transition
temperature TC ∼ 45 K, observed from the M(T). Hence,
non-linear increase of M(H) at 50 K (above TC) can be
attributed to the short range interactions amongst the
spins or clusters of spins, as found in other system [24].
The upward curvature in Arrot plot, even in the order
magnetic state, is not very conventional. The gradual
increase of upward curvature with increase of tempera-
ture above TC of mh48 sample (Fig. 6f) suggests that
the paramagnetic contribution or disorder effect causes
such curvature in Arrot plot even in the ferrimagnetic
state. The more curvature in nanoparticle samples in
comparison with the bulk indicates more magnetic dis-
order for lower particle sample. The paramagnetic con-
tribution from each isotherm at T≤ TC were determined
by fitting the data above 10 kOe either to linear equation
(example 10 K data of bulk sample) or non-linear equa-
tion (example: 40 K data of bulk sample). We find that
the value of the spontaneous magnetization (MS), deter-
mined from the revised Arrot plot (not shown in figures),
after the subtraction of the paramagnetic contribution is
slightly higher than that obtained without subtracting
the PM contribution. Fig. 7 shows the temperature de-
pendence of MS for bulk and nanoparticle samples. The
immediate feature is that MS is decreasing for lowering
particle size and MS is not zero above 45 K, as in bulk,
for nanoparticles. By definition TC , i.e., paramagnetic to
ferrimagnetic transition temperature, is the temperature
below which non-zero value of MS exists in the sample.
Therefore, Fig. 7 suggests the increase of TC in the tem-
perature range 45 K-55 K with the decrease of particle
size. To confirm the increase of TC , we have performed
ac susceptibility measurements for selected samples and
the data are shown in Fig. 8. The sharp transitions
(peak) both in χ′ (real part of ac susceptibility) and in
χ′′ (imaginary part of ac susceptibility) near to TC and
TS are observed (Fig. 8a, Fig. 8b) for bulk sample, but
no such peak either at TC or TS in χ
′ is seen for nanopar-
ticle samples. However, χ′′ shows a sharp peak which is
independent of frequencies (Fig. 8d) and corresponds to
the TC of the sample. The occurance of this χ
′′ peak
at higher temperature for smaller particle samples (Fig.
8b) confirms the increase of TC with decreasing parti-
cle size of MnCr2O4. A small (but clear) change in χ
′′
near to TS ∼ 18 K for our smallest particle size sample
indicates that signature of non-collinear spin transition
still present there, but weak in magnitude. Although a
broad maximum in χ′, resemble to superparamagnetic
blocking, at about 35 K is noted for mh60 sample, the
other observations i.e., almost no shift of χ′ maximum
with frequencies in the range 37 Hz-637 Hz (Fig. 8c) and
no such maximum in χ′′, indicates that such maximum
in χ′ is simply due to the disorder effect of shell spins,
but not due to a typical superparamagnetic behaviour.
The exhibition of a sharp peak in χ′′ near to TC conclu-
sively indicates that long range ferrimagnetic order still
dominant in our smallest particle size (11 nm) sample,
and coexists with the increasing disorder of shell spins.
III. DISCUSSION
It is interesting to see that MnCr2O4 nanoparticles
show lattice expansion. A number of explanations for the
lattice expansion in nano-materials, such as: change in
oxygen coordination number with the cations [13], change
of valence state of cations [25], crystallographic phase
transformation [26], and contribution of excess volume
of grain boundary spins [27, 28] are available in the lit-
erature. However, there is no satisfactory explanation.
According to Banerjee et al. [27] lattice expansion in
mechanical milled samples may be related to the mechan-
ical strain induced effect, rather than intrinsic properties
of the sample. This may not be true, because lattice
expansion has been observed in both mechanical milled
nanoparticles as well in chemical route prepared nanopar-
ticles. Details of the origin of lattice expansion in our
nanoparticles are discussed below.
The XRD pattern of our nanoparticle samples are identi-
cal with the bulk samples. The absence of any additional
lines with respect to standard cubic spinel structure in-
dicated that there is no crystallographic phase transfor-
mation in our nanoparticle sample. The agreement of
the magnetic parameters (magnetic moment and TC) of
our bulk sample with literature value [6, 9, 14] has con-
5firmed that Mn ions are in divalent (Mn2+: 3d5) state.
The mechanical milling in argon atmosphere is also not in
favour of the formation of Mn ions with higher ionic (3+
or 4+) states. By comparing the outer shell spin config-
uration of Mn2+ (3d5, moment: 5 µB), Mn
3+ (3d4, mo-
ment:4 µB) and Mn
4+ (3d3, moment:3 µB), it is evident
that if Mn3+ or Mn4+ exists, at all, in our nanoparticle
samples, the decrease of lattice parameter was expected.
The increase of lattice parameter in nanoparticle sam-
ples conclude that there is no change in valence state of
Mn ions. Hence, the decrease of magnetic moment in
nanoparticle samples may be consistent with core-shell
model [18]. The core-shell model [18] suggests that dis-
order in shell (surface) spins decrease the net magnetiza-
tion of ferrimagnetic nanoparticle and such contribution
of shell spins increases on decreasing the size of parti-
cle. The questions naturally raised, whether shell spin
disorder is responsible only for the decrease of magneti-
zation or this disorder may be translated into the lattice
dynamics which can show ’disorder induced’ magnetic or-
der [29]. An extensive work is going on to understand the
role of shell (surface) spin disorder [23, 30, 31] in different
kind of nanoparticle spinel.
We, now, consider the effect of shell spin disorder in
MnCr2O4 nanoparticles. The microstructure of the shell
may influence the lattice expansion in two ways, by in-
creasing the free excess volume of the incoherent shell
spins in the interface structure, and by lowering symme-
try in oxygen coordination numbers with surface cations.
F. Fava et al.[13] have already shown that increase of
lattice volume in MnCr2O4 is related to the change in
oxygen coordination number with the cations. Conse-
quently, the lattice pressure on core spins may be re-
duced by the elastic coupling between (shell and core)
spin lattices [27]. Many other factors such as breaking
of long range crystallographic coherent length and ran-
dom orientations of shell spins may exhibit interatomic
spacing (lattice parameter) which is different from bulk
lattice. Experimental results show larger interatomic
spacings (lattice parameter) in MnCr2O4 nanoparticle.
Since the ratio of JAB and JBB superexchange inter-
actions in chromites depend on both the bond angle
and bond length (interatomic spacings) of B site spins
(cations) [6], any change in the spin configuration either
in shell or core must be reflected in the magnetic proper-
ties of nanoparticles. If the lattice expansion in MnCr2O4
nanoparticles is intrinsic, one would expect two impor-
tant effects. First, direct cation-cation (antiferromag-
netic) interactions will be diluted. Consequently, non-
collinear spin structure between B site Cr3+ cations of
bulk MnCr2O4, revealed by the magnetic transition at
∼ 18 K [6], will be decreased in MnCr2O4 nanoparti-
cles. Second, inter-sublattice (JAB) super-exchange (fer-
rimagnetic in nature) interactions will dominate over B-
B (JBB) interactions (antiferromagnetic in nature) [6, 8].
Consequently, increase of TC is expected, as TC is pro-
portional to JAB in spinel. A strong relationship between
the lattice parameter and TC of chromites has been found
from the comparison of lattice parameters (∼ 8.41 A˚,
10.18 A˚ and 10.23 A˚, respectively) vs TC (∼ 45 K, 80 K
and 84.5 K, respectively) for bulk MnCr2O4, MnCr2S4
and CdCr2S4 with identical lattice (cubic spinel) struc-
ture. The enhancement of TC in MnCr2O4 nanoparticles,
therefore, suggests the increase of interatomic distance
between B site (Cr-Cr) cations.
We, now, show that the enhancement of TC is not due to
the site exchange of Mn2+ and Cr3+ amongst A and B
sites in nanoparticles. Both Rh and Cr atoms are highly
stabilized in B sites of cubic spinel structure due to their
strong affinity for B site. The work on mechanical milled
CoRh2O4 nanoparticles [23] indicated that there is no
migration of Rh atoms from B site to A site for particle
size down to ∼ 16 nm. On the other hand, very small
amount of cations exchange amongst A and B sites in me-
chanical milled Zn0.8Co0.2Fe2O4 nanoparticles [30] have
shown drastic enhancement of both magnetization and
ferrimagnetic ordering temperature in comparison with
their bulk counterpart. Similar type of enhancement in
magnetization is also expected in MnCr2O4 nanoparti-
cle, if mechanical milling really affect the site selection
of cations (Mn2+ and Cr3+). In bulk MnCr2O4, A site
is fully occupied by Mn2+ ions and B site is fully oc-
cupied by Cr3+ ions. Experimentally it has been found
that magnetic moment of Mn2+ and Cr3+ ions are ∼
5µB and 3µB, respectively. For the sake of argument we
assume that some of the Mn2+ ions migrate to B site
in the exchange of equal number of Cr3+ ions to the A
site in MnCr2O4 nanoparticles. Considering the formula
for total magnetization of spinel oxide (M = MB-MA,
where MB and MA are magnetization of B and A sites,
respectively) and the fact that the number of B site mag-
netic ions is double in comparison with the number of
A site magnetic ions, the drastic enhancement of total
magnetization was expected in MnCr2O4 nanoparticles.
However, experimental results show the decrease of mag-
netization with decreasing particle size. Hence, we ex-
clude the possibility of the site exchange of Mn2+ and
Cr3+ among A and B sites in MnCr2O4 nanoparticles.
Therefore, Cr atoms even in nanoparticle show the great
affinity to occupy the B site alone, as in bulk.
We,now, consider the particle size effect on the magnetic
transition at ∼ 18 K. Neutron experiments [8, 9] con-
firmed that collinear to non-collinear (canted) spin tran-
sition is the origin of magnetic transition at ∼ 18 K in
bulk MnCr2O4. Further increase of surface spin canting
should result in more prominent magnetic transition at ∼
18 K, and decrease of ferrimagnetic ordering temperature
(TC) for nanoparticles. Our experiment on MnCr2O4
nanoparticles show neither strong magnetic transition at
18 K nor decrease of TC for smaller particles. On the
other hand, experiment confirmed the enhancement of
TC in MnCr2O4 nanoparticles. Hence, weakening of the
magnetic transition at 18 K in nanoparticles is not due
to the effect of increasing surface spin canting. This is an
effect of intrinsic change in non-collinear to collinear spin
structure in B sites of MnCr2O4 and directly correlated
6with lattice expansion of the system [32].
The other observations of nanoparticles, i.e. (i) large
magnetic irreversibility between MFC and MZFC, (iii)
appearance of a maximum in MZFC below 40 K, are re-
semble to superparamagnetic like blocking of nanoparti-
cles. But, ac susceptibility measurement shows no typical
superparamagnetic behaviour in our nanoparticles. Such
behaviour, in fact, arises due to the increasing disorder
of surface spins. The intersection of M(T) data, follow-
ing Bloch law, near to 44 K (close to TC ∼ 45 K of bulk
sample) for all samples suggests that strong ferrimagnetic
order of core spins (bulk) is almost retained. We, there-
fore, suggest that surface spin disorder in nanoparticles is
translated into the lattice dynamics to cause geometrical
frustration effect [29] and results in lattice expansion.
IV. CONCLUSIONS
Bulk MnCr2O4 is a ferrimagnet with paramagnetic to
collinear ferrimagnetic state at TC ≈ 45 K and collinear
ferrimagnetic to non-collinear ferrimagnetic state below
18 K. Experimental results suggest that non-collinear fer-
rimagnetic state in MnCr2O4 occurs due to direct inter-
actions between B site Cr3+ ions. The B site direct inter-
actions, represented by magnetic transition at 18 K, de-
creases in MnCr2O4 nanoparticles. We attribute the de-
crease of B site direct interactions to the lattice expansion
in MnCr2O4 nanoparticles, essentially confined in shell,
which results in the change from non-collinear to collinear
structure of B site spins. In this sense, our experimental
work provide substantial evidence to, further, confirm the
proposal made by Wickham and Goodenough that direct
(antiferromagnetic) interactions between B site cations
are possible in chromites and causes collinear to non-
collinear ferrimagnetic transition at about 18 K. Reduc-
tion of magnetic moment, large magnetic irreversibility
between MZFC and MFC, and appearance of superpara-
magnetic like blocking are some of the notable disorder
effects in nanoparticles. Exceptional large Bloch expo-
nent α = 3.35 for bulk MnCr2O4 and decrease of α with
decreasing particle size, identify unconventional magnetic
features in MnCr2O4.
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7TABLE I: The parameters for milled sample mhX, where X represents milling time in hours on bulk sample. particle in size
(D) and lattice parameter a(A˚) were obtained from XRD spectra. Saturation magnetization at 0 K (M0) was obtained from
the M(T) data at 50 kOe. TC was determined from first order derivative of M(T), MS (T) and ac susceptibility data.
Sample D (nm) a(±0.002 A˚) TC (K) M0(emu/g)
mh0 150 8.410 44±1 30.54
mh12 19 8.412 46±1 25.91
mh24 16 8.425 47±1 25.24
mh36 13 8.440 49±1 22.81
mh48 12 8.448 51±1 22.35
mh60 11 8.474 52±1 21.78
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Fig.1 Variation of (311) XRD peak line of cubic spinel structure with milling hours and  the same (311) line is 
compared with the mh60 samples after annealing at 6000C (mh60(t6)) and  9000C (mh60(t9)) for 12 hours.
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Fig. 2 Temperature dependence of magnetization at different magnetic fields for bulk and mechanical 
milled nanoparticle samples. solid symbol  and open symbol represents MZFC and MFC data, respectively.
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nanoparticle (mhX) samples. θ indicates asymptotic  curie temperature. 
The inset shows particle size  (mh0: bulk, mh12: 19 nm, mh24: 16 nm,
mh36: 13 nm, mh48: 12 nm and mh60: 11 nm) dependence of  θ.
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(b) particle size dependence of the exponents obtained from Bloch law. 
010
20
30
0.0 0.1 0.2 0.3 0.4
0
500
1000
0
5
10
15
20
25
0.0 0.2 0.4 0.6
0
100
200
300
0 2 4 6
0
5
10
15
2
0.0 0.1 0.2 0.3 0.4 0.5
0
200
400
600
800
 
 
10 K
20 K30 K
40 K
50 K
(a)
 
 
[
M
(
e
m
u
/
g
)
]
2
30 K
40 K
50 K
10 K
20 K
Fig. 6 Field dependence of magnetization at selected temperatures for samples (a) mho (bulk), (b) mh60 and (c) mh48, and 
corresponding Arrot plots (M2 vs H/M)  for samples (d) mh0, (e) mh60 and (f) mh48. Inset of Fig. 6a shows the M(H) data at 10 K
(d)
50 K 40 K 30 K
 
 
 
M
 
(
e
m
u
/
g
)
 (b)
10 K20 K
 (f)
 
 
40 K
45 K
50 K
60 K
70 K
70 K
60 K
50 K
45 K
 
 
H (10 kOe)
40 K
 (c)
 (e)
50 K
40 K
30 K
20 K10 K
H/M (10 kOe-emu/g)
 
 
 
 
FM
FM+PM
PM10 K
30 40 50
0
5
10
15
20
25
 
 
M
S 
(em
u
/g
)
T (K)
Bulk
mh60 (11 nm)
mh48 (12 nm)
mh12 (19 nm)
Spontaneous magnetization (MS)
calculated using Arrot plot.
Fig. 7 Temperature dependence of MS for selected samples 
to estimate the temperatures  (TC) at which MS becoms zero.
TC determined for
Bulk
mh12
mh48
mh60
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50 60 70 80
0.0
0.5
1.0
1.5
2.
0.0
0.5
1.0
1.5
2.0
0 10 20 30 40 50 60 70 80
0.0
0.2
0.4
0.6
0.8 
 
 
χ
/
 
(
1
0
-
2
 
e
m
u
/
g
)
 mho (bulk) 
 mh12 (19 nm)
 mh60 (11 nm)
TS
TC
(a)
TC
 
 
χ
/
/
 
(
1
0
-
3
 
e
m
u
/
g
)
T (K)
 TS (b)
 
 
χ
/
 
(
1
0
-
2
 
e
m
u
/
g
)
(c)
TC
 TS
 
 
χ
/
/
(
1
0
-
3
 
e
m
u
/
g
)
T(K)
 37 Hz
 137 Hz
 337 Hz
 637 Hz
Fig 8. Temperature dependence of real part (χ/) and imaginary part (χ//) of ac susceptibility data at 1 Oe.
(a)  χ/ for bulk, mh12 and mh60 at 37 Hz, and (b) corresponding χ//, (c) χ/ at 37 Hz-637 Hz for mh60 sample, 
and (d) corresponding χ//. 
(d)
